The present work intends to provide a brief account of the most recent advances in the use of ionic liquid crystals (ILCs) in the field of tribology, that is, the development of new lubricants with the ability to reduce the coefficients of friction and the wear rates of materials under sliding conditions. After a definition of ILCs and their relationship with neutral liquid crystals (LCs) and ionic liquids (ILs), the review will be focused on the influence of molecular structure and composition on the tribological performance, the combination with base oils, surfactants or water, and the different sliding configuration and potential applications. The main mechanisms proposed in order to justify the lubricating ability of ILCs will be analyzed. Special emphasis will be made for recent results obtained for fatty acid derivatives due to their renewable and environmentally friendly nature.
Introduction
The broad field of liquid crystal materials (LCs) has been an active area of interest for scientists and engineers since the discovery of liquid crystalline behavior by Reinitzer at the end of the 19th century [1] . As shown in Figure 1 , the new state of matter combines the properties of solid crystalline materials with those of isotropic liquid fluids. The combination of the liquid crystalline state and the ionic nature of ionic liquids (ILs) produces the new family of ionic liquid crystals (ILCs), which can be defined as ILs with mesogenic behavior [2] .
A decade ago, the state of the art of both LCs and ILC in tribology was the subject of two review papers [3, 4] . Over this period of time, the focus on IL lubricants has somewhat overshadowed the attention on the tribological applications of neutral LCs. Today, the scope of the field has spread to new molecular systems, particularly ILCs and more eco-friendly lubricants, based on heteroatom-free additives in aqueous or synthetic media. The use of ILCs in tribology will constitute the basis for the present review.
The annual evolution of scientific publications and citations along the last two decades for ILs in general and ILCs in particular shows an exponential growth.
The global demand for synthetic lubricants is expected to grow at a 5% annual rate during the next 5 years. Synthetic lubricants are chemically synthesized from petroleum derivatives and include a wide range of synthetic additives in their final commercial formulations. Environmental concerns have boosted the research and development of the so-called biolubricants, which are biodegradable synthetic or vegetable oils and greases.
A recent review on the tribological performance of biolubricants [5] includes vegetable oils and their derivatives, long-chain esters, and polyolesters. This review reports conventional ILs among the eco-friendly additives. Another very recent review on ILs as boundary lubricants [6] does not include ILCs. This shows that the use of the ILC family in tribology has only very recently been the object of attention by researchers [7, 8] .
Some review articles on thermotropic [8] and lyotropic LCs [9] , as well as on ILCs [10] , have been previously published, but to the best of our knowledge, this is the first review specifically dedicated to ILCs in tribology and lubrication as surface modifiers, as well as friction-reducing and wear-preventing agents.
Ionic Liquid Crystals
ILCs are usually composed of cations with a long alkyl chain substituent. For an IL to be transformed in ILC, with stable mesophases, alkyl chain length is a critical factor. For imidazolium ILC derivatives, a critical lateral chain length of at least 12 carbon atoms ( Figure 2a ) seems to be necessary for mesomorphic behavior, where ordered arrangements of molecules are formed ( Figure 2b ). This critical chain length is also a prerequisite for neutral LCs. Other factors present in ILCs are van der Waals interactions between alkyl chains, hydrogen bonds between anionic and cationic moieties, and electrostatic forces between ions [8] . Figure 3 summarizes some cations and anions commonly present in ILs and ILCs, comprising imidazolium, pyridinium, ammonium, phosphonium and guanidinium cations and borates, phosphates (usually in the perfluorinated forms of tetrafluoroborate and hexafluorophosphate), sulfonate, carboxylate, dicyanamide or halide anions.
Weak interactions determine isotropic liquid behavior. In contrast, strong electrostatic, van der Waals or hydrogen bonding interactions are necessary for ILC behavior. Anion-cation electrostatic interactions are a function of anion composition, being stronger in the case of halide anions and weaker for fluorinated anions (Figure 3 ). Temperature transition values for thermotropic mesophases [8] depend on processes of aggregation and segregation. These processes lead to different specific molecular ordering rearrangements. Thus, phosphonium ILCs present smectic A phases, where cations and anions form bilayers separated by double layers of lateral alkyl chains, while smectic T mesophases formed by tetragonal layers and hydrophobic chains have been described for ammonium ILCs.
All these factors-lateral chain length, temperature range, and molecular order-determine the final tribological performance of these materials, but also surface interactions and synergy with solvents, surfactants or nanomaterials.
Ionic Liquid Crystal Lubricants

Chain Length
ILCs derived from non-toxic renewable resources are particularly useful in green lubrication technologies. The synthesis of bio-based ILCs has been classified as green chemistry because the starting compounds are biocompatible and it produces no secondary or residual reaction products. In order to form stable mesophases, alkyl chain lengths should contain more than 12 carbon atoms, as shown in Figure 4 for imidazolium-derived ILCs. In the study of cholesteric mesophases as additives of base oils, Gao et al. [11] have very recently shown that longer perfluoroalkylated chains enlarge the mesogenic temperature range. These additives show higher solubility in base lubricant oils and improve tribological performance due to their high thermal stability and formation of thicker lubricant films.
In the case of ILCs, the effect of alkyl chain length on the adsorption on surfaces and on friction reduction was studied by Tariq et al. [12] for alkyl-methylimidazolium chlorides [C(n)mim]Cl (n = 10, 12, 14) on gold surfaces.
One of the potential problems in the use of ILs as lubricants or lubricant additives is that short alkyl chain conventional ILs can be highly hygroscopic [13] , but the absorption of water decreases as lateral alkyl chain length increases, as it happens in ILCs [14] . Amann et al. [15] , recorded in lubro infrared (IR) spectra in order to study the change in water content during tribological tests using ILs and ILCs, and confirmed the reduction of water content and its influence on corrosion behavior. Friction coefficients lower than 0.02, after the corresponding running-in periods, were reported.
Pogodina et al. [16] found excellent friction-reducing ability for imidazolium-derived ILCs with a 14-carbon lateral alkyl chain on the imidazolium ring, [C 14 mim] (mim = methylimidazolium), and different fluorinated anions such as BF 4 , PF 6 and (CF 3 SO 2 ) 2 N, which belong to the most commonly used anions ( Figure 5 ). Molecular ordering and tribochemical interactions are two decisive factors in ILC tribology. The use of ILC lubricants is not limited to their mesomorphic transition range. In fact, it has been found that thermotropic transitions to form ordered mesophases take place at interfaces due to temperature increase caused by friction.
Zhang et al. [17] have described this behavior for [C 16 mim]BF 4 , where the ordering of the long alkyl chain forms a mesomorphic structure adsorbed on the metal surface. This structure would be responsible for the improved load-carrying ability. Friction and wear reduction are also related to tribochemical reactions between ILC molecules and metal surfaces which produce a series of ceramic phases such as boron oxide and iron fluorides. This tribofilm layer would also be responsible for the good tribological performance of [C 16 mim]BF 4 , when used as additive of base lubricant oils such as liquid paraffin.
[C 14 mim]BF 4 presented an ultra-low friction coefficient, both in the LC state and in the isotropic liquid state. This is attributed to the formation of a double-layer structure on the surface, where the long alkyl chains of the cations would adopt a parallel highly ordered arrangement. This bilayer structure would be able to maintain a highly ordered molecular orientation even under shear conditions. Small-angle X-ray scattering (SAXS) confirmed the formation of a smectic phase due to the ordered 14-carbon alkyl chain substituents of the cation moieties. ILC domains parallel to flow under severe shear conditions would be responsible for the low friction coefficients, not only within the mesomorphic range, but also in the isotropic temperature range, thus widening their practical application range.
Fatty Acids and Other Combinations and Synergistic Effects
Lyotropic LC phases have been found in protic ionic liquids (PILs) derived from long-chain fatty acids in combination with ethanolamines [18] . Tadokoro et al. [19] described the adsorption of fatty acid molecules on surfaces. According to Gusain et al. [20] , the tribochemical reaction between the carboxylic group of fatty acid molecules and the metal surfaces forms a boundary layer with low shear strength. This thin layer would be responsible for the reduction of friction and wear under boundary lubrication conditions. Toledo et al. [21] have recently described the mesomorphic and rheological properties of 20 PILs containing anions derived from fatty acids, which are present in vegetable oils and cations from 2-hydroxymethylamines. The simple synthetic route of these new low-toxicity, biodegradable PILs [22, 23] has made readily available the use of protic ionic liquid crystals (PILCs) with long chain carboxylate species, with promising tribological properties, both as neat lubricants and as additives [24] [25] [26] .
Protic ammonium carboxylates, including long-chain carboxylate PILCs, have been recently used to develop new renewable aqueous lubricants obtained by solution or dispersion in water, as themselves, or in combination with nanomaterials [25, 26] . The 1 wt % PILC reduces the friction coefficient of water up to 80%. Moreover, when water evaporates due to temperature increase at the sliding contact, the thin PILC layer maintains low friction values and reduces wear by preventing the severe oxidation of steel, which takes place for PILC-free water lubrication. If water is modified by the addition of a dispersion of nanodiamonds in PILC, wear rates reduce by more than two orders of magnitude [26] , due to the enhanced load-carrying ability of the PILC-nanodiamonds hybrid lubricant. To ensure the long-term stability of these dispersions would be a previous condition for their practical applications.
Following a related research line, lamellar LCs formed by equimolar aqueous blends of tetradecyltrimethylammonium oxide and oleic acid form ordered hydrophobic domains, which in combination with C-60 fullerene could act as an environmentally friendly lubricant [27] .
As both conventional neutral thermotropic LCs and fatty acid have shown their potential as lubricants or lubricant additives, very recently Tadokoro et al. [28] have shown the synergistic effect that takes place when fatty acids are used as additives of a nematic cyanobiphenyl LC. The mixture affords lower friction coefficients than any of the lubricants when they are used separately. A possible mechanism for this synergistic effect is that fatty acid molecules interact with surfaces, changing the surface topography. At the same time, these surface topography changes favor the adsorption of neutral LC molecules. The combined effect increases the effective viscosity of the boundary lubricating layer.
Lu et al. [29] have also explored the use of fatty acids in association by hydrogen-bonding with other molecules, in particular oleic acid and p-pentylbenzoic acid, as lubricant additives. The main effects were an increase of viscosity and a decrease of the traction coefficient in elastohydrodynamic (EHL) and boundary lubrication regimes. The lower friction coefficient was attributed to an alignment of the molecules parallel to the shearing force, as determined micro FTIR (Fourier transformed infrared) spectroscopy.
Long alkyl chain imidazolium salts with fluorinated anions have also been used in combination with lamellar LCs [30, 31] . A decreasing thickness of the self-assembled bilayer ordered structure (d 0 ) and an increasing interlayer separation distance (d) (Figure 4 ) have been related to better lubrication and wear preventing results [31] .
In the case of hexagonal lyotropic LC phases, the increase in d spacing has also been achieved by the introduction of manganese (II) species, without destroying their structure [32] , or by addition of carbon nanophases such as multiwalled carbon nanotubes (MWCNTs) [33] .
Dai et al. [34] described the formation of a lamellar LC structure by combination of the short alkyl chain IL [C 4 mim]PF 6 , a trioleate surfactant and water. When the proportion of [C 4 mim]PF 6 is increased, the lubricating ability improves. As in previous cases, the load-carrying and wear-reducing ability of the mesophase is further improved by the addition of nanophases, in this case, silver nanoparticles.
Rheology
An important issue for all lubricants, or lubricant additives, is their rheology. This reaches a paramount relevance in the case of ordered fluids. The dependence of viscosity with shear, velocity, and temperature should be established and related with tribological performance.
A non-Newtonian viscosity behavior has been described for ILCs. Thus, cholesteric decanoate, valerate, and myristate species show non-Newtonian viscosity values when they are in their cholesteric mesophases range [35] .
Amann et al. [36] have confirmed this non-Newtonian viscosity for imidazolium ILCs as well. They have shown that both rheological properties and tribological performance are determined by ILC molecular orientation. This molecular orientation can be modified by shear, thus influencing friction coefficient values, which reach values as low as 0.02. These authors also found that friction coefficient values are not only a function of molecular orientation, but also of the chemical composition of the anion.
These results show that there still remains a very relevant research effort to be made in the optimization of ILCs chemistry and molecular design.
Sliding Configurations and Applications
Most experimental studies on ILCs lubricants apply standard configurations where the lubricants are added on the surfaces or the sliding materials are immersed in the lubricant. The main objectives are to measure friction coefficients, wear rates, contact electrical resistance, and film thickness.
Some sliding configurations used for the study of the tribological performance of ILCs [25, 26, [37] [38] [39] ] are shown in Figure 5 . Sliding materials are usually metal alloys, in particular bearing steel, and technical ceramics such as alumina.
One of the main challenges for ILC lubricants is the transition from laboratory tests to industrial applications. Among the most recent applications of LCs, Amann et al. [37] have described the use of ILs in infiltrated sintered bearings, in reciprocating cylinder-disk, rotating ball-on-3-plates, and radial bearing.
Elemsimit et al. [40] have proposed a biohydraulic oil where the ILC acts as wear-preventing additive of a canola oil derived lubricant. However, friction coefficient reduction was not achieved in this case with respect to the base oil.
The performance of ILC lubricants is due to a complex combination of variables. Under the tribosystem conditions, contact temperature, sliding velocity, and applied pressure can alter the molecular orientation and the stability range of the mesophases. Thus, outside the tribosystem, ILCs could be in the solid or isotropic states, but form adsorbed oriented mesomorphic domains in the lubricant film.
Another aspect to be considered in the selection of ILC lubricants is their chemical composition. Tribochemical interactions and the formation of protective tribolayers could reduce wear, while ordered fluids would increase lubricant film thickness.
Conclusions
Ionic liquid crystals combine the strong polar nature of ILs with the self-organized structure of LCs. This combination of properties is beginning to be exploited in tribology due to the advantages in load-carrying ability, formation of tribolayers after interaction with the sliding surfaces, energy-saving through the reduction of friction coefficients, and wear rates of sliding materials.
A long lateral chain with at least 12 carbon atoms seems a necessary condition for the formation of mesomorphic structures in ILCs. Another important structural parameter is the spacing between bilayer structures. The combination of ILCs with nanomaterials has been proposed as a way to increase interlayer spacing.
The variety of anion and cation compositions, lateral substituents, and self-organization in different base fluids, make it necessary to dedicate a considerable effort in order to elucidate the optimum combination for each practical application.
For ILCs to be competitive in the field of lubrication and tribology, they should be effective not only as neat lubricants but also as additives of other fluids such as water and mineral or synthetic oils.
Although the cost of production of some families of ILCs, such as imidazolium derivatives, is still too high to be competitive with commercial lubricant additives, new ILCs based upon simple synthetic routes have emerged. This could be the case of ammonium carboxylate species obtained by direct reaction between amines and carboxylic acids.
Most promising are the possibilities of development and application of non-contaminant, biocompatible ILCs, however, some challenges remain, such as increasing thermal stability and solubility, or controlling tribochemical interactions at the interfaces.
